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Abstract
Polarised neutron scattering is the method of choice to study magnetism in condensed matter. Polarised
neutrons are yet typically very low in flux and complex experimental configurations further reduce the count
rate, neutron polarisation corrections would therefore be needed. Here we analytically derive formulae of the
corrected partial differential scattering cross sections. The analytical method is designed for the longitudinal
polarisation analysis, and the correction generally holds for time-independent polarised neutrons with a
triple-axis spectrometer. We then applied the correction to recent results of our Px experiment on Y3Fe5O12.
Although there is a difficulty with experimental determination of inefficiency parameters of neutron spin
polarisers and flippers, the correction appears to work properly.
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Neutron scattering is a powerful microscopic measurement tool to study condensed matter [1]. Scat-
tered neutrons from nuclei and unpaired electron spins, can respectively provide information on the crystal
structure and magnetism. One of the strengths in the neutron scattering technique is that the magnetic
scattering cross section is typically comparable to that of nuclear scattering. These scattering processes
can generally be understood by the linear response theory, enabling quantitative discussion through the
measured intensity.
Polarised neutron scattering–with taking into account of the neutrons’ spin degree of freedom in the
scattering process–gives further detailed information of the magnetism [2]. It has been used to separate the
magnetic and nuclear scattering cross sections [3]. The disentanglement of the magnetic moment directions,
as well as the symmetry of magnetic fluctuations [4], were also demonstrated. More recently the “chiral
term” [5] was used to measure chiral magnetic order [6] and excitations in paramagnetic [7] and chiral
phases [8]. The nuclear-magnetic “interference term” also attracts much attention recently in the context
of the magnetoelastic coupling.
For schematic understanding, we adopt a simple scattering coordinate (x, y, z) (as in Fig. 1) where
x ‖ ~Q, y ⊥ ~Q and z is perpendicular to the scattering plane with the scattering wave vector ~Q. The
above-mentioned observations are summarised via the following cross sections formulae [9, 10] within the
longitudinal polarisation analysis (LPA),
σ±±x ∝ N, (1)
σ±∓x ∝My +Mz ∓Mch, (2)
σ±±y ∝ N +My ±Ry, (3)
σ±∓y ∝Mz, (4)
σ±±z ∝ N +Mz ±Rz, (5)
σ±∓z ∝My, (6)
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Figure 1: Sketch of the Px experiment on the IN20 instrument with bold black arrows denoting the neutron path. The
scattering coordinate (x, y, z) is also given.
where the ideal case with perfect neutron spin polarisers and flippers is anticipated. The term σioα (α =
x, y, z) stands for the partial differential scattering cross section (d2σ/(dΩdω)io) with i in-coming and o
outgoing neutrons with +/− neutron polarisation. The non-magnetic nuclear (N = 〈NQN†Q〉ω), inplane
(My = 〈MQyM†Qy〉ω) and out-of-plane magnetic (Mz = 〈MQzM†Qz〉ω), chiral (Mch = i(〈MQyM†Qz〉ω −
〈MQzM†Qy〉ω)), and interference (Rβ = 〈NQM†Qβ〉ω + 〈MQβN†Q〉ω) (β = y, z) terms are included. 〈NQN†Q〉ω
and 〈MQβM†Qβ〉ω are the spatiotemporal Fourier transforms of the nuclear-nuclear and spin-spin correlation
functions, respectively. The chiral term defines the antisymmetric correlation function within the yz-plane,
and the interference terms describe the symmetric part of the nuclear-magnetic interference.
In reality, measured intensities can, however, easily be contaminated by not-perfectly-working neutron
spin polarisers and flippers, and result in linear combinations within the four channels; σ++, σ+−, σ−+,
and σ−−. Polarised neutrons typically have very low flux, and the special scattering geometry required
for the cases of within scattering plane neutron polarisations, Px and Py, further reduce the count rate.
Thus neutron polarisation corrections are occasionally needed, and their conventional techniques are sum-
marised [11]. However, these techniques have appeared not to be universally applicable and will collapse
in certain experimental conditions. To overcome this, a universal method of correcting polarisation data is
proposed [12], being rigorously valid for one dimensional LPA. Here we provide analytically derived forms
of the corrected cross sections and demonstrate an application of it to our recent Px experiment [13].
We here raise the first observation of the magnon mode-resolved direction of the precessional motion
of the magnetic order, i.e., magnon polarisation [13]. In spintronics with insulating ordered magnets, the
spin current–a flow of the spin degree of freedom–can be carried only by the transverse component of the
spin wave. Given that this transverse component is mathematically equivalent to the magnon polarisation,
information on the sign of the magnon polarisation and its quantitative elucidation are necessary for un-
derstanding the microscopic mechanism of the spin current. The magnon polarisation is known to affect
thermodynamic properties of the spin current, including the magnitude and sign of the spin Seebeck effect.
We thus performed the observation using the garnet Y3Fe5O12 (YIG).
YIG is a ferrimagnetic insulator, and is nowadays quintessential for microwave and optical technologies,
and fundamental research in spintronics, magnonics, and quantum information. To detect the magnon
polarisation, neutron spins shall be aligned parallel or antiparallel to ~Q. Magnetic neutron scattering can
only detect the spin components perpendicular to ~Q, and these projections are tiny due to an application of
the magnetic field ( ~H ‖ ~Q). The component detected by this configuration corresponds to the area that the
precessional motion covers, and the use of polarised neutrons can distinguish clockwise and counterclockwise
motion through the chiral term detection (Mch in eq. (2)). The chiral term is typically employed to observe
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a spatial variation of the non-collinear magnetic moments caused by effects such as geometrical frustration
and/or Dzyaloshinskii–Moriya interactions. Here we aim for a separate intrinsic property in a collinear
magnet.
Inelastic polarised neutron scattering data [14] were collected on the thermal neutron triple-axis spec-
trometer IN20 [15] at the Institut Laue-Langevin, France. We used a graphite filter in the outgoing beam
to suppress higher-order contaminations and fixed final wave numbers of kf = 2.662 A˚
−1 and 4.1 A˚−1,
corresponding to final energies of Ef = 14.7 meV and 34.8 meV, respectively. No collimator was put into
the beam path to maximise the neutron flux. A YIG single crystal (∼ 8 g) was oriented with (HHL) in the
horizontal scattering plane, and inserted into a cryomagnet supplying a horizontal magnetic field ( ~H ‖ x)
of 0.3 T and temperatures between 10 K and 300 K. The obtained fields are homogeneous over a large area
wrapping around the sample position and discontinuously connect to the guide fields along the neutron path.
The magnetic field direction was aligned parallel to ~Q. YIG is a very soft magnet [16], an external field of
0.3 T is sufficient to fully saturate the magnetisation into a single magnetic domain.
As depicted in Fig. 1, the polarised neutron triple-axis spectrometer IN20 [15] consists of the Heusler
monochromator (polariser), two Mezei spin flippers and Heusler analyser. The action of the monochromator
and analyser is to select a beam with only spin-polarised neutrons. We hereby define the upper stream
flipper as F1 and the downstream one as F2. The action of flippers is to rotate the neutron spin 180◦ so
that the spin state after the flipper is antiparallel to the state before. It is assumed that a flipper has no
effect on the beam when it is not being used. IN20, like other all polarised neutron instruments, requires
guide fields in the neutron flight path to maintain the neutron polarisation.
In the experiment, the polarised neutron scattering intensity is recorded in four channels: with both
flippers off I00 (= I
−−
x ), with F1 on and F2 off I10 (= I
+−
x ), vice-versa I01 (= I
−+
x ), and with both flippers
on I11 (= I
++
x ). The four partial differential scattering cross sections, σ
++, σ+−, σ−+, and σ−−, can be
extracted after the polarisation correction. Following the work by A. R. Wildes [12], the relation between I
and σ can be expressed in a matrix form,
I00
I01
I10
I11
 =

1 0 0 0
0 1 0 0
f1 0 1− f1 0
0 f1 0 1− f1


1 0 0 0
f2 1− f2 0 0
0 0 1 0
0 0 f2 1− f2

×

1− p1 0 p1 0
0 1− p1 0 p1
p1 0 1− p1 0
0 p1 0 1− p1


1− p2 p2 0 0
p2 1− p2 0 0
0 0 1− p2 p2
0 0 p2 1− p2


σ−−
σ−+
σ+−
σ++
 . (7)
The efficiency of the polarising and flipping elements is imperfect, and the measured intensity will
therefore be linear combinations of the four σio. Equation (7) describes the relation in terms of p1 (Heusler
monochromator), p2 (Heusler analyser), f1 (F1), and f2 (F2), where pi and fi (i = 1, 2) denote the probability
of neutrons not being perfectly polarised and flipped, respectively. An unpolarised neutron beam is defined
with pi = 0.5, and the case for pi = 0 corresponds to the perfectly polarised beam. Likewise, fi can take 0
if the flipper works perfectly.
To extract the partial differential scattering cross sections σio, the inverse matrices can be solved ana-
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lytically,
σ−− =I00
[
f1
1− f1
{
p1(1− p2)
(1− 2p1)(1− 2p2) +
f2p1p2
(1− f2)(1− 2p1)(1− 2p2)
}
+
(1− p1)(1− p2)
(1− 2p1)(1− 2p2) +
f2(1− p1)p2
(1− f2)(1− 2p1)(1− 2p2)
]
− I01
{
(1− p1)p2
(1− f2)(1− 2p1)(1− 2p2) +
f1p1p2
(1− f1)(1− f2)(1− 2p1)(1− 2p2)
}
− I10
[
1
1− f1
{
p1(1− p2)
(1− 2p1)(1− 2p2) +
f2p1p2
(1− f2)(1− 2p1)(1− 2p2)
}]
+ I11
p1p2
(1− f1)(1− f2)(1− 2p1)(1− 2p2) , (8)
σ−+ =− I00
[
f1
1− f1
{
p1p2
(1− 2p1)(1− 2p2) +
f2p1(1− p2)
(1− f2)(1− 2p1)(1− 2p2)
}
+
(1− p1)p2
(1− 2p1)(1− 2p2) +
f2(1− p1)(1− p2)
(1− f2)(1− 2p1)(1− 2p2)
]
+ I01
{
(1− p1)(1− p2)
(1− f2)(1− 2p1)(1− 2p2) +
f1p1(1− p2)
(1− f1)(1− f2)(1− 2p1)(1− 2p2)
}
+ I10
[
1
1− f1
{
p1p2
(1− 2p1)(1− 2p2) +
f2p1(1− p2)
(1− f2)(1− 2p1)(1− 2p2)
}]
− I11 p1(1− p2)
(1− f1)(1− f2)(1− 2p1)(1− 2p2) , (9)
σ+− =− I00
[
f1
1− f1
{
(1− p1)(1− p2)
(1− 2p1)(1− 2p2) +
f2(1− p1)p2
(1− f2)(1− 2p1)(1− 2p2)
}
+
p1(1− p2)
(1− 2p1)(1− 2p2) +
f2p1p2
(1− f2)(1− 2p1)(1− 2p2)
]
+ I01
{
p1p2
(1− f2)(1− 2p1)(1− 2p2) +
f1(1− p1)p2
(1− f1)(1− f2)(1− 2p1)(1− 2p2)
}
+ I10
[
1
1− f1
{
(1− p1)(1− p2)
(1− 2p1)(1− 2p2) +
f2(1− p1)p2
(1− f2)(1− 2p1)(1− 2p2)
}]
− I11 (1− p1)p2
(1− f1)(1− f2)(1− 2p1)(1− 2p2) , (10)
σ++ =I00
[
f1
1− f1
{
(1− p1)p2
(1− 2p1)(1− 2p2) +
f2(1− p1)(1− p2)
(1− f2)(1− 2p1)(1− 2p2)
}
+
p1p2
(1− 2p1)(1− 2p2) +
f2p1(1− p2)
(1− f2)(1− 2p1)(1− 2p2)
]
− I01
{
p1(1− p2)
(1− f2)(1− 2p1)(1− 2p2) +
f1(1− p1)(1− p2)
(1− f1)(1− f2)(1− 2p1)(1− 2p2)
}
− I10
[
1
1− f1
{
(1− p1)p2
(1− 2p1)(1− 2p2) +
f2(1− p1)(1− p2)
(1− f2)(1− 2p1)(1− 2p2)
}]
+ I11
(1− p1)(1− p2)
(1− f1)(1− f2)(1− 2p1)(1− 2p2) . (11)
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Figure 2: Uncorrected raw data from IN20 [13] are summarised in left panels. Constant energy scans of (a) I+−x , (b) I−+x ,
(c) I++x , and (d) I
−−
x channels at representative energy transfers. Derived intensity of (e) the magnetic: M = My + Mz ∝
1
2
(I+−x +I−+x ) and (f) chiral term: Mch ∝ 12 (I+−x −I−+x ). polarisation corrected data are summarised in right panels. Constant
energy scans of (g) σ+−, (h) σ−+, (i) σ++, and (j) σ−− partial differential scattering cross sections at representative energy
transfers. Corresponding derived intensity of (k) M = 1
2
(σ+− + σ−+) and (l) Mch = 12 (σ
+− − σ−+). The scans run along the
P[111¯] direction and were taken at the fixed final wave number kf = 2.662 A˚
−1.
These represent the general relations between the measured intensity and σio, and quantitative discussion
is eased by using the inefficiency parameters pi and fi if these can be estimated.
Given that p1, p2, f1, and f2 can be energy dependent, it is not trivial to experimentally extract the
inefficiency parameters. Our experimental setup did not allow to separate p1, p2, nor to separate f1, f2
from the polarising and analysing efficiency and the polarisation transport across the sample [17]. On the
direct beam with ki = kf = 2.662 A˚
−1, we measured flipping ratios of 13− 16 with each flipper individually
for all angles between the horizontal field and the flippers. This limits the worst-case beam polarisation of
the spectrometer with the horizontal magnet (obtained with f1 = f2 = 0) to p1 = p2 = 0.030 − 0.037. If
we assume the beam polarisation as good as p1 = p2 = 0.019, we obtain the worst-case flipper inefficiencies,
namely 0.025 to 0.04.
We here assume p1 = p2 = 0.019 and f1 = f2 = 0.025. Using these approximated inefficiency parameters,
Fig. 2 compares uncorrected raw data taken at 293 K (left panels [13]) and corrected partial differential
scattering cross sections (right panels). Opposite magnon polarisation is already apparent without any
correction, the polarisation correction surely works for the partial differential scattering cross sections σ++
(Fig. 2(i)) and σ−− (Fig. 2(j)). Reflecting the weak nuclear contribution around the (4, 4,−4) reflection,
the corrected data are suppressed compared to the uncorrected data. Such small values of pi, fi and resul-
tant slight changes between the uncorrected and corrected data, underline the nearly perfect experimental
performance of IN20 in the LPA mode.
To summarise, we derived inverse matrices to calculate the corrected partial differential scattering cross
sections. These formulae generally hold for time-independent polarised neutrons with a triple-axis spec-
trometer, and they can thus be widely applied to LPA on the polarised neutron scattering data. We treated
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recent results of our Px experiment on YIG as an example, and confirmed the correction successfully works.
An accurate estimate of the inefficiency parameters will be a future issue.
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